Introduction
Comprehensive understanding of the nature of hyperlvalent bonding is a subject of current interest since the discovery of Li3O in the equilibrium vapor over Li2O crystals at elevated temperatures in 1978 by Kudo, Wu, and Ihle with Knudseneffusion mass spectrometry.1,2 This molecule possessing nine valence electrons, at least formally, was found to be stable toward dissociation to the corresponding octet molecule Li2O. For a molecular system with covalent bonds of light elements, the octet rule states that the most stable molecule is formed when eight electrons are shared in the valence she11.3,4 All of the hydrides of elements in the second-and third-row of the periodic table obey the rule. However, replacement of hydrogen atoms by lithium atoms in such hydrides as CH4, NH3, H2O, and H2S changes the nature of bonding. In fact, further experiments by our group7-14 as well as theoretical work by Schleyer et al. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] have confirmed the existence of thermodynamically stable polylithiated molecules with nine or more valence electrons; e.g., Li3S and Li4P with nine valence electrons and Li6C, Li4O, and Li4S with 10 valence electrons. These molecules possessing excess valence electrons and stability toward dissociation are called "hyperlithiated" or hypervalent molecules. Does the hyperlithiated molecule violate the octet rule?
Extended search for hyperlithiated molecule by Knudseneffusion mass spectrometry gave evidence for another type of hyperlithiated or hypervalent molecules M2CN (M=Li, Na, K), in which the bonding situation was apparently different 2. LinA(Li6C, Li3O, Li4O, Li3S, Li4S, Li4P) and M2CN (M = Li, Na, K) Molecules Despite their unusual stoichiometries, the Li,,A molecules (Li6C, Li3O, Li4O, Li3S, Li4S and Li4P) are stable toward dissociation to the corresponding octet molecules.1,2,7-14 The dissociation energies are summarized in Table 1 . The results of ab initio MO calculations indicate that occupancy of the nine valence electrons in Li3S, for instance, is (5a1)2(3e)4(6a,)2(7a,) ' and that of 10 valence electrons in Li4S is (6a1)2(3b1)2(7a1)2 Although the Li-A bond is antibonding in character, the electrostatic attraction between Li and Am-would play a role in enhancing the overall stability of neutral Li,,A molecules. As listed in Table 1 , M2CN (M = Li, Na, K) molecules with one excess valence electron are all stable toward the dissociation to give M and MCN.28-32 Of these hypervalent molecules, In addition, new clusters LinFn-1(n=3,4) with an excess electron were detected in the same supersonic beam. c HLC, the hyperlithiated configuration; SC, the segregated configuration. source in which lithium metal pressed on a sample disk was irradiated by 532 nm laser pulses. Figure 5 shows ionization efficiency curves (IECs) of the Li,(OH) molecule as well as Lin(OH)n-1, (n=3- 5) clusters. 36 The experimental values of IE determined here for each isomer of these species are summarized in Table 3 , together with both the theoretical vertical ionization energy (vIE) and adiabatic ionization energy (alE) calculated at the MP2(FULL)/6-3I 1+G(d)//B3LYP/6-31 11+G(dlevel as well as the dissociation energies calculated at the B3LYP/6-311+G (d,p) level. The structural isomers and features of SOMO of Li,(OH) and Li4(OH)2 deduced by theoretical calculations at the B3LYP/6-311+G(d,p) level are illustrated in Figure 6 . The theoretically obtained molecular structures and isosurfaces of SOMO of Li4(OH)3 and Li5(OH)4 are shown in Figures 7 and 8, respectively. The results of our theoretical investigation reveal that lEs of Lin(OH)n-1, (n=2-5) species with an excess lithium atom depend largely on their structure.35 Every cluster has several stable structural isomers, the structure of which is closely related to the charge population associated with the location of the excess valence electron of the Li atom. In some isomers, the excess electron delocalizes over all of the lithium atoms in the cluster, forming a metallic network (Lin+) similar to hyperlithiated molecules like Li3O and Li6C. In other isomers, the excess valence electron localizes at a specific site, making the metallic and ionic parts segregated.
In the Lin (OH)n-1, (n=2-5) system, the isomers la and 2a seem to have HLC with respect to the charge population.
All of the lithium atoms possess almost the same atomic charge in these isomers as shown in Figures 6 and 7 . To confirm whether or not these isomers are in HLC, we examined their electronic structure and stability in terms of a character of SOMO which accommodates the excess electron. As described in the previous section, hyperlithiated molecules Li3O, Li6C, and Li3S are stabilized by an electrostatic attraction between the anionic center and the cationic lithium network which is maintained by sharing the excess electron. The SOMO spatially covers all lithium atoms, making their structures highly symmetric; e.g., U3h for Li3O, Oh for Li6C, and C3v for Li3S. The SOMO should have an antibonding character between, at least, one of the lithium atoms and the central atom. However, the equal posi- (d,p) . c HLC, the hyperlithiated configuration; SC, the segregated configuration.
The result of theoretical calculations indicates further that lEs of the isomers of Lin(OH)n-1, depend on the number of terminal lithium atoms as shown in Figure 9 , irrespective of the stability toward dissociation (Table 3) . For example, the difference in lEs between the isomer 2a and 2c of Li3(OH)2 is as large as 1.43 eV, although the difference in the dissociation energies is only 0.1 eV (9.9 kJ/mol). The lEs of planar isomers (1a, 2c, 3e, 4f) with two terminal lithiums (nTL=2) tend to increase from 4.5 to 5.6 eV with an increase of it. The IE of Li-tail isomers (2b, 3c, 4d) with nTL=1 is around 4.2 eV independent of n. The isomers without terminal Li atoms have IE lower than 3.7 eV. The vIE of the linear isomer 1b (6.58 eV) is quite higher than that of the Li atom (5.39 eV) .
Based on the Koopmans theorem that the vertical ionization energy directly corresponds to the orbital energy of SOMO, the present result is explained by considering the stability of SOMO, from which the extra electron is removed in the ionization process. In the Lin(OH)n-1, clusters, the OH-groups with negative charge would deform the SOMO as a consequence of the electronic repulsion as suggested from the spatial distribution of SOMO. When repulsion by OH-groups becomes larger, the SOMO becomes less stable and then the ionization energy becomes lower. This leads to the importance of spatial arrangement of the OH-groups against the SOMO within the cluster.
We focus the discussion on the spatial distribution of the SOMO to explain the correlation between the ionization energy and the number of terminal lithium atoms in the Lin(OH)n-1, clusters. The SOMO tends to localize around the terminal lithium atom. In the planar isomers with the highest IE, the SOMO distributes in a space between the two terminal lithium atoms, independent of the cluster size. The deformation of SOMO from a spherical symmetry is rather small in these planar isomers, because the neighboring OH-is fairly distant from the SOMO. In the Li-tail isomers with the second highest ionization energy in each size of the cluster, the SOMO localizes around the terminal Li atom and is deformed by the nearest OH-group as seen in 2b ( Figure 6 ). It is to be Figure  6 ).
The ionization energies of these isomers are significantly low as seen in Table  3 .
From comparison of lEs between the experiment and the theory listed in Table  3 Figure 9 . Relation between vertical ionization energy (vIE) and nlT (the number of terminal lithium atoms) in each cluster size n.
The functional theory (DFT) or ab initio MO theory calculations. The simulated IECs for Li3O are superimposed on the experimentally observed IEC in Figure 10(b) . The ionization of the D3h structure of neutral Li3O does not reproduce well the observed gradual linear rise. Even with parameters for the C2v structure, the simulation is far from the observed linear rise of IEC. The well-fitted curve in Figure 10 (b) was obtained when two in-plane bending frequencies were adjusted to 10 cm-1 and the molecule is restricted to populate only on the zero-point level in these modes; i.e., no vibrational excitation in these two bending modes. We assumed a flat potential energy surface for the neutral Li3O to reproduce the observed curve.53 In fact, the ah initio MP2 calculation gives a very flat potential well in the two Li-O-Li bending modes. Figure 12 shows a twodimensional potential energy surface spanned by the two bending coordinates; the horizontal axis for scissoring and the vertical for rocking. We can see a three-fold flat bottom consisting of one D3h minimum and three C2v minima in Figure  12 (a). A cross sectional view on the horizontal axis shows a double well potential consisting of one of the three C2v minima and the D3h minimum [ Figure 12 (b) ]. The barrier height between the D3h and G, minima is negligibly small (0.3 kJ/mol from the D3h well). Consequently, the vibrational zero-point (v=0) level, which is indicated by the horizontal solid line, lies above the barrier and thus spreads over these two minima. This wide v=0 level indicates that the wave function of the vibrational ground state is delocalized over the three C With this large amplitude of vibrational motion, a wide range of cationic potential energy surface is accessible by the vertical ionization from the v = 0 level as shown in Figure 12 (c). Thus the Li3O molecule is described as a floppy molecule sharing both the D3h and C2v structures which have nearly the same stability but are different in the localization of the SOMO.
The most significant difference between the D3h and G2v structures is the shape or spatial distribution of their SOMO. The shape of SOMO is important characteristics in hyperlithiated molecules.
The D,,, structure shows fully delocalized SOMO (Figure 13) , forming a lithium network comprising all of the three lithium atoms, similar to other hyperlithiated molecules. In contrast, the G, structuuuuu has SOMO localized on two lithium atoms to form one Li-Li bond and the remaining lithium atom is completely cationic with an natural atomic charge of +0.95. Therefore, the C,, structure can be regarded as a salt of Li,' and LiO-. In other words, the G, structure has an electronic structure segregated into a metallic-like Li,' cation and a LiO anion. Both the D3h and C,, structures have nearly the same stability. Theoretically.
the existence of such nearly degenerate isomers with different localization of SOMO in the same irreducible representation was predicted by Schleyer's group for hyperlithiated Li,CN. They called the isomers "electronomers." From this point of view, D3h and C2v structures of Li3O are electronomers. the experimental evidence for which has been provided for the first time. It can be concluded that the Li3O molecule is a floppy molecule sharing both the hyperlithiated D3h and segregated G2v structures which possess nearly the same stability but are different in the localization of the SOMO.
Conclusion
In hyperlithiated or hypervalent molecules such as LinA (Li6C, Li3O, Li4O, Li3S, Li4S, Li4P), M2CN (M = Li, Na, K), Li2Fn-1, (n = 2-4), and Lin(OH)n-1 (n = 2-5), the excess valence electron is not associated with the electronegative C, 0, F, S, and P atoms as well as CN and OH groups, and the electronegative constituent remains content with its normal octet. The excess valence electron delocalizes over lithium atoms contributing to the formation of a lithium network or cage (Linm+) with the Li-Li bond, and the hyperlithiated molecules are stabilized by the electrostatic attraction between the cationic Linm+ and the anionic species (e.g., C0.9-, O0.9)-, F1.0-, S1.9-, CN1.0 -, OH1.0-), despite the antibonding character between each of the lithium atom and the electronegative constituent. and Lin(OH)n-1, (n = 2-5) systems, SOMO widely spreads over the whole molecule giving a hypelithiated configuration (HLC) at small n, but tends to localize around a specific site affording a segregated configuration (SC) with an increase of n. Of these Li-rich clusters. IE is relatively high in planar isomers with two terminal lithium atoms (nTL = 2) reflecting the stability of SOMO. From the reinvestigation of ionization processes of Li3O, this hyperlithiated molecule was found to be a floppy molecule sharing both D3h, (HLC) and G, (SC) structures which have nearly the same stability but are different in the localization of SOMO.
This is the first experimental evidence for electronomers or electronic isomers. Figure 13 . Features of SOMO of Li3O. The excess valence electron is fully delocalized and forms a lithium cage in the D3h structure, while it is localized and forms a salt consisting of Li2+ and LiO-in the G2V structure.
